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Abstract. The temperature dependences of the dc resistivity and the nonlinear transport properties in 
pure, Rb-doped, and W-doped blue bronze K0.3M0O3 single crystals are presented. In comparison with 
the Rb doping, the W doping has larger effects on the electrical transport properties and the Peierls 
transition. In particular, the maximum in the temperature dependence of the threshold field for nonlinear 
transport, observed in pure and Rb-doped samples around 100 K, is absent in W-doped K0.3M0O3. These 
results are discussed with respect to the proposed incommensurate-commensurate transition of the charge- 
density-wave and its interaction with impurities and normal carriers. 

PACS. 71.45.Lr Charge-density-wave systems - 71.30.+h Metal-insulator transition and other electronic 
transitions 



1 Introduction 

Charge-density-waves (CDW) in low-dimensional solids 
attract interest since R. Peierls introduced this broken- 
symmetry ground state half a century ago pQ. Their dy- 
namics has been subject to numerous investigations as 
soon as the first experimental realization became possible 
in the 1970s. The present state of knowledge is compiled in 
several reviews j2|l2HISlElIlj ■ Below the Peierls transit ions, 
an energy gap opens at the Fermi energy leading to an in- 
sulating ground state. In the CDW phase the electronic 
transport has contributions from the normal charge carri- 
ers excited across the gap (like a semiconductor) and from 
the collective response of the CDW condensate. Although 
there exist a general idea about the main phenomena, a 
large number of observations are still puzzling and the de- 
tails arc not understood in depth. One of the key issues 
of the CDW dynamics is the interaction of the condensate 
with the underlying lattice and in particular with lattice 
imperfections. 

Molybdenum bronze ^4o.3Mo03, where A — K, Rb 
or Tl, is among the most-extensively studied quasi-one- 
dimcnsional compounds, which develops a CDW along 
the b axis below approximately 180 K 5 . In contrast to 
ideal systems the CDW condensate cannot move freely, 
but is pinned to the lattice by impurities and defects. 
This is easily seen, for instance, if an electric field is ap- 
plied along the chain direction exceeding a critical value, 
the so-called first threshold field Et; as a consequence the 
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CDW is depinned, it begins to slide through the crystal 
and contributes additionally to the conductivity, resulting 
in a nonlinear current- voltage (/ — V) response Be- 
low approximately T — 40 K for K0.3M0O3 a more com- 
plicated I — V response is observed, including a second 
threshold field E T above which a sharp increase of the 
current by many orders of magnitude occurs PllOllllj . 
The temperature dependence of the first threshold field 
Et is commonly explained by a sort of two-fluid model 
containing the electrons condensed in the CDW and the 
remaining normal electrons |12j : the approach describes 
the Coulomb interaction between the CDW and uncon- 
densed charge carriers thermally excited above the Peierls 
gap. Within this model, with rising temperature the un- 
condensed carrier density increases, leading to an increas- 
ing damping of the CDW by dissipative normal currents 
and thus to an increase of Et- However, when the temper- 
ature rises above T = 100 K a decrease of Et is observed, 
resulting in a maximum of threshold field Et(T) around 
this temperature Similar observations were reported 
for the CDW compound TaS3 ^Sj- The change in the 
temperature dependence of Et {T) might be attributed to 
an incommensurate-commensurate (I-C) transition of the 
CDW which happens around T = 100 K for blue bronze. 
However, small deviations from complete commensurabil- 
ity were found down to 4 K |14II15II16II17| which somehow 
disturbs this picture. Interestingly, in comparison with 
K0.3M0O3 and TaS 3 , for NbSe 3 with two CDWs, which 
are always incommensurate with the underlying lattice, 
a very different temperature dependence of Et(T) was 
found 18 : The threshold field diverges at the Peierls tran- 
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sition temperature Tp and exhibits a minimum slightly 
below Tp. This behavior could be well described by the 
Fukuyama-Lee-Rice model for impurity pinning of the CDW 
|19U20| taking into account thermal fluctuations of the 
CDW phase pi]. For K0.3M0O3 different groups observed 
the maximum in Et(T) near T = fOO K, but its origin 
remains a puzzle. 

The peculiarities of the CDW motion may be clar- 
ified by studying the doping dependence of Et(T). In 
blue bronze two types of substitution are possible, namely 
replacing K by isoelectronic Rb and the substitution of 
Mo by isoelectronic W. The two doping channels have a 
very different effect on the transport properties |22U23| . In 
blue bronze the oxygen octahedrons with the transition 
metal in the center form conducting chains along which 
the CDW develops. Obviously W substitution strongly 
disturbs the one-dimensional conduction and the develop- 
ment of the CDW, hence already a very small W concen- 
tration causes a large shift of the Peierls transition to lower 
temperature and a considerable broadening of the phase 
transition. For this so-called strong pinning the phase of 
the CDW is adjusted at each impurity site |T§|. In con- 
trast, the Rb dopants occupying the K sublattice only 
cause some disorder in the crystal potential and thus only 
play a minor role in the pinning mechanism; it is called 
weak pinning ^5). Measurements of Et(T) of K0.3M0O3 
with 50% Rb doping for temperatures below 80 K show 
a similar behavior as in the pure compound |24j . How- 
ever, the temperature dependence of the first threshold 
field for other Rb doping levels, and in particular for W- 
doped blue bronze compounds has not been measured up 
to now. Here we present a comprehensive study of Et(T) 
for a series of Rb- as well as of W-doped blue bronze com- 
pounds and discuss the origin of the maximum threshold 
observed around T = 100 K. 



2 Experiments and Results 

Pure, Rb-doped, and W-doped blue bronze K0.3M0O3 sin- 
gle crystals (see Table ^) were prepared by the temper- 
ature gradient flux method and electrolytic reduc- 
tion of the molten salts of A2CO3-M0O3 for pure blue 
bronze A . 3 MoO 3 (A—K and Rb), K 2 C0 3 -Rb 2 C0 3 -Mo0 3 
for Rb-doped K . 3 MoO 3 , and K 2 C0 3 -Mo0 3 -W03 for W- 
doped Ko. 3 Mo0 3 . Different concentrations of the dopants 
in the melt determine the doping levels in the obtained 
crystals. For Rb-doped samples, the doping ratio is al- 
most the same as that in the melt, but for the W-doped 
compounds, the doping ratio is nearly 2 to 3 times bigger 
than that in the melt j2rSU2fi| . The obtained samples have 
a typical size of 4x4x0.5 mm 3 . In our dc electrical trans- 
port measurements a four-probe configuration was used. 
Thin gold wires were anchored by silver paint. In the con- 
tact regions, indium films were covered by gold films for 
stable contacting at low temperature. In this way, a typ- 
ical contact resistance of around 1 fi was achieved. For 
samples with the same doping level but grown by differ- 
ent preparation methods we obtained similar results. 
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Fig. 1. Dc resistivity along the b axis, normalized to 
the room temperature value, for RD0.3M0O3 (black 
short dot), (Ko.5Rbo.5)o.3Mo03 (blue short dash), 
(K .833Rb . 167)0. 3M0O3 (green dash dot dot), K0.3M0O3 
(red dash dot), K0.3M00.995 W0.005O3 (cyan dot) and 
K0.3Mo0.9gW0.01O3 (purple dash). The inset shows the 
enlargement of the results near the Peierls transition temper- 
ature T p . 

Fig. ^ shows the temperature dependence of the dc 
resistivity along the chain direction b normalized to the 
room temperature value for a series of pure and doped 
blue bronze crystals. The pure samples Ko. 3 Mo0 3 and 
Rbo.3Mo0 3 show a sharp metal-semiconductor transition 
at the Peierls transition temperature T p . The mixed com- 
pounds with 16.7% and 50% substitution of K by Rb still 
exhibit a clear transition T p which is slightly shifted to 
lower temperatures. In contrast, for samples with small 
W doping (0.5%, 1%, and 2%, whose results are very sim- 
ilar to those of 1% doping and therefore not shown), the 
phase transition is significantly broadened. These results 
are consistent with previous reports [2"2"] . 

To determine the Peierls transition temperature more 
precisely, we plot the derivative D(T) = — dlna/dT^ 1 
versus temperature in Fig. EI Except for the samples with 
1% and 2% (not shown) W doping, all curves clearly show 
a peak around Tp; the width ATp is a measure of the 
sharpness of the transition Both the Rb and the W 



Table 1. List of the studied blue bronze samples with the 
Peierls transition temperature T v and the width of the transi- 
tion ATp [full width at half maximum of the derivative D(T)]. 



Sample 


Tp (K) 


ATp (K) 


RD0.3M0O3 


180.5 


7.3 


(Ko.sRbo.sVsMoOs 


170.7 


36.3 


(K .833Rbo.l67)o.3Mo0 3 


175.1 


18.5 


K0.3MOO3 


179.2 


11.2 


K0.3MO0.995W0.005O3 


160.7 


> 50 


K0.3MO0.99W0.01O3 


«140 




K0.3MO0.98W0.02O3 


«140 
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2. The derivative D = 
sus temperature for RD0.3M0O3 (black full circles), 
K0.3M0O3 (open red circles), (K .833Rbo. 167)0. 3M0O3 
(full green squares), (Ko.sRbo.5)o.3Mo03 (open blue 
squares), K0.3M00.995 W0.005O3 (full cyan triangles), and 
K0.3M00.99W0.01O3 (open purple triangles). 



doping lead to a shift of the transition to lower temper- 
ature and a broadening of the transition (see Table ^) ; 
however, these effects are considerably bigger in the case 
of W substitution. 

We also studied the dc conductivity of pure and doped 
blue bronze single crystals along the chain direction b as a 
function of the applied electrical field. Two examples are 
displayed in Fig. [3J For temperatures below T p the con- 
ductivity increases rapidly when the applied electric field 
exceeds the threshold field Et due to the depinning of the 
CDW. The values of Et were determined graphically from 
the I —V characteristics. Fig. 0] summarizes the temper- 
ature dependences of the threshold field for blue bronze 
samples with different substitutions as indicated. 



3 Discussion 

The main results of our experiments can be summarized 
as follows: (i) Starting from the Peierls transition at Tp = 
180 K, for pure K0.3M0O3 and Rbo.3Mo03 compounds Et 
first increases upon cooling and then starts to decrease, re- 
sulting in a maximum in the behavior of Et{T) around 
T = 100 K; this agrees with previous data (ii) The sub- 
stitution of K by Rb and of Mo by W does not influence 
the absolute value of Et significantly; in fact, for tempera- 
tures above «50 K the Et values for the W-doped samples 
are even slightly smaller than those for the pure samples, 
as found previously |24|. It is known that the absolute 
value of Et depends on the properties of the sample, such 
as impurity concentration, cross section, and current dis- 
tribution, (iii) For all the Rb-doped samples the thresh- 
old field Et(T) goes through a maximum value around 
T — 100 K when the temperature is lowered, like for the 
pure compound. However, even for very small W substi- 
tution on the Mo sites, the temperature dependence of 
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Fig. 3. Dc conductivity along the b axis as a function 
of applied electric field for several temperatures below the 
Peierls transition temperature T p for (a) K0.3M0O3 and (b) 
K0.3M00.995 W0.005O3. The dashed lines are guides to the eye 
for the variation of the threshold field with temperature. 



the threshold field changed completely: Et(T) increases 
monotonously with decreasing temperature, and no max- 
imum is observed within our experimental temperature 
range. 

The non- monotonous temperature behavior of Et(T) 
observed for the CDW phase in blue bronze is puzzling. 
The most common explanation is the I-C transition of the 
CDW around T = 100 K. However, several observations 
contradict this hypothesis: If the CDW becomes commen- 
surate with the underlying lattice for temperatures below 
T = 100 K, it should be strongly pinned and thus Et(T) 
is expected to increase below T — 100 K, in contrast to 
the experimental findings. Furthermore, substituting Mo 
by W adds pinning centers, but does not change the CDW 
nesting vector and its temperature dependence |14j : nev- 
ertheless for W-doped compounds the maximum in Et(T) 
is absent. 

Certainly, there is no abrupt transition from an in- 
commensurate to a commensurate CDW, but a contin- 
uous adjustment of the CDW to the underlying lattice; 
maybe this process saturates around T = 100 K It is 
known that down to T = 4 K small deviations from per- 
fect commensuration remain |15fll6llT7j . Results from elec- 
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Fig. 4. Temperature dependence of the threshold field 
Et along the b axis for (a) RD0.3M0O3 (full cir- 
cles), K0.3M0O3 (open circles), (K .833Rbo. 167)0. 3M0O3 (full 
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K0.3M00.995W0.005O3 (full triangles) and K0.3M00.99W0.01O3 
(open triangles). 
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Fig. 5. Scheme of the various mechanisms relevant for the 
temperature dependence of the threshold field, Et(T), for weak 
pinning (top) and strong pinning (bottom). 



tron spin resonance experiments indicate the spatial co- 
existence of commensurate and incommensurate regions; 
when lowering the temperature from T ~ 53 K to 25 K 
the commensurate fraction increases from 5% to a value 
above 20% ^7] . It was proposed J2B] that even the incom- 
mensurate CDW consists of regions which are essentially 
commensurate with the lattice separated by discommen- 
surations; these latter are narrow regions where the phase 
or displacement changes rapidly. At low temperature the 
CDW will then not move as a rigid object but propagate 
by depinned discommensurations, like the motion of grain 
boundaries and dislocations in the case of plastic defor- 
mation. 

There are different effects relevant for the CDW trans- 
port, which might also influence the temperature depen- 
dence of the threshold field: (i) The CDW can interact 
with the underlying lattice in very different ways. Since 
for a commensurate CDW the interaction with the lattice 
is strong, mainly incommensurate domains of the CDW 
contribute to the collective transport, (ii) The CDW is 
not rigid, but subject to internal deformations, leading to 
a non-zero threshold field for nonlinear transport. These 
dynamic deformations of the CDW and dissipative nor- 
mal currents need to be taken into account in order to 
explain Et (T) . (iii) The interaction of the CDW with im- 
purities or disorder either leads to strong or weak pinning 



of the CDW [T§|. For strong pinning the CDW distorts 
its phase and amplitude locally at each impurity site; the 
CDW coherence length is therefore only on the order of the 
impurity spacing. In the case of weak pinning, the CDW 
adjusts its overall phase distribution within its coherence 
length, which is much larger than the impurity spacing. 
While the substitution of K by Rb pins the CDW only 
weakly, W doping causes strong pinning of the CDW |22J • 

The last two mechanisms will be strongly influenced 
by uncondensed electrons. According to Sneddon's model 
[T2] the presence of uncondensed charge carriers will cause 
a damping of the CDW mode, since dissipative normal 
currents are induced by the dynamic deformations of the 
CDW. This is in agreement with previous investigations 
of the nonlinear characteristics of pure blue bronze, where 
a strong influence of the single-particle conductivity on 
the collective CDW response had been found (^Hj ■ Within 
this picture Et(T) increases with rising temperature, as 
the fraction of uncondensed carriers increases. Also the 
strength of the interaction of the CDW with lattice im- 
perfections, like impurities or disorder, is influenced by 
the presence of normal charge carriers. This is in partic- 
ular important in the case of strong pinning, since un- 
condensed carriers smoothen the CDW phase deformation 
induced by the strong pinning centers. 
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The temperature dependence of the threshold field Et 
is determined by the above mentioned mechanisms, as il- 
lustrated in Fig. [5j In the course of the I-C transition 
the CDW becomes less discommensurate with decreasing 
temperature (with some sort of saturation around 100 K), 
which causes Et(T) to increase. According to Sneddon's 
two-fluid approach, the CDW damping by normal currents 
becomes less important as the temperature is reduced, 
leading to a decrease of Er(T). On the other hand, the 
screening of the impurity potential by uncondensed car- 
riers will also depend on their density and thus on tem- 
perature, causing an increase of Er(T) as the tempera- 
ture is lowered. This effect is expected to be only rele- 
vant for strong pinning, i.e., for W doping in the case of 
blue bronze, but not for weak pinning, i.e., Rb doping. 
This could explain why the maximum of Et(T) around 
T = 100 K is observed only for the Rb-doped compounds, 
but not for W-doped samples. For the latter compounds 
a smooth increase of Et{T) with decreasing temperature 
is found. 



4 Conclusion 

In order to investigate the influence of strong and weak 
pinning on the characteristics of the Peierls transition and 
on the first threshold field of non-linear conductivity, we 
studied the electrical transport properties of a series of 
pure, Rb-doped, and W-doped blue bronze K0.3M0O3 sin- 
gle crystals. For pure K0.3M0O3 crystals and for substi- 
tution of K by Rb, which acts as weak pinning center, 
the threshold field Et(T) exhibits a maximum around 
T = 100 K which is correlated with the incommensu- 
rate-to-commensurate transition of the CDW. A more ad- 
vanced explanation requires to take into account the in- 
fluence of the uncondensed charge carriers on the CDW 
transport. 
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